1. Introduction
===============

Meiotic recombination plays a vital role in sexual reproduction by mixing parental alleles to create novel allele combinations. In general, both genetic mapping and traditional breeding depends upon the distribution of recombination along chromosomes. In plants, the meiotic recombination rate is tightly regulated within the genome, but varies between species.[@dsx024-B1] Furthermore, the distribution of recombination events is not random along the chromosome. Regions that are preferred and suppressed for recombination are known as recombination hotspots and coldspots, respectively. Various studies have shown that recombination prone regions vary in size and magnitude between species (*Zea mays*,[@dsx024-B2]^,^[@dsx024-B3]*Triticum aestivum*,[@dsx024-B4]*Arabidopsis thaliana*[@dsx024-B5]^,^[@dsx024-B6] and *Medicago trancatula*[@dsx024-B7]). Extended knowledge about genome-wide recombination patterns in a species would not only improve the understanding of recombination preferences but also accelerate fine mapping of genetic traits and breeding design of the crop. Moreover, high-resolution recombination patterns provide the opportunity to study recombination associated genomic features, thereby the possibility to modulate recombination to accelerate breeding.

Advancement in sequencing technology has not only enabled rapid generation of draft genome assemblies for individual species but also identification of genome-wide ultra-dense markers in a population. Hence, whole genome resequencing has also enabled high resolution recombination pattern identification. Recent studies have produced base pair resolution recombination patterns in *Arabidopsis thaliana* and shown that the distribution of recombination is influenced by chromatin structure, histone variants and DNA methylation, among other factors.[@dsx024-B8]^,^[@dsx024-B9] Further analysis using next generation resequencing data revealed poly-A, CCN-repeat and CTT-repeat motifs associated with recombination prone regions in *Arabidopsis thaliana.*[@dsx024-B5]^,^[@dsx024-B8]^,^[@dsx024-B10] The first motif was associated with nucleosome depleted regions, whereas CCN- and CTT-repeat motifs were enriched within genes.[@dsx024-B10]^,^[@dsx024-B11] However, lack of stringent resequencing data analysis led to false positive markers that inflate recombination rate.[@dsx024-B12] Therefore, it is of the utmost importance to select an accurate marker-set while applying resequencing data for recombination identification.[@dsx024-B5]^,^[@dsx024-B13] This caveat is even bigger in crops with a large genome, or the ones possessing a high repeat content. Besides, an incomplete assembled reference genome representing only one haploid genome may hamper proper evaluation of recombination rates. Therefore, in crop plants, it is crucial to have a cost effective methodology that can identify genome-wide recombination patterns using low-coverage resequencing data. This is desired to reduce sequencing efforts to a minimum and at the same time maintain a low false-positive identification rate. In this study, we describe a novel methodology using meticulous filtering steps to conservatively select polymorphic markers from low-coverage resequencing population data to identify recombination sites. We applied our method to identify genome-wide recombination pattern on resequencing data from 60 tomato recombinant inbred lines (RILs) from an interspecific cross between *Solanum lycopersicum* cv. Moneymaker and *Solanum pimpinellifolium* CGN 15528.

In crop plants, tomato is a model species for fruit developmental studies and interspecific crosses are primarily used for genetic mapping. *S. pimpinellifolium*, a wild but closely related species of *S. lycopersicum*, is a source for introgression breeding including various disease resistance, abiotic stress tolerance, and fruit quality improvements.[@dsx024-B14] However, these interspecific crosses usually cause recombination suppression within the introgression region and require extensive additional breeding efforts for later improvements. For example, the tomato chromosomes 6 and 9 are known to contain introgression fragments for nematode and TMV resistance and conceive low or no recombination.[@dsx024-B19] Despite the utility of local recombination pattern for an informed breeding design, there is no availability of genome-wide high-resolution interspecific recombination pattern in tomato. This is mainly due to the complexity and lack of methodology to apply resequencing to a relatively large genome for genome-wide recombination pattern identification. Like the majority of crop species, the tomato genome sequence is complex and incomplete. Current tomato reference genome has assembled 760 mega base pair (Mbp) from an estimated genome size of 900 Mbp.^22^ This hinders the use of a resequencing approach for genome-wide recombination studies. Moreover, structural variations are reported between *S. lycopersicum* and *S. pimpinellifolium*, which impede the analysis of interspecific genomes even further.[@dsx024-B23]

In this study, we applied our novel methodology to identify a reliable set of polymorphic markers from the resequencing data from an interspecific RIL population. By using allele segregation in the population and resequencing data from one of the parents, we inferred the genotype of the second parent and estimated haplotypes for 60 RILs to identify recombination sites. We identified high-resolution genome-wide recombination patterns and identified several DNA motifs enriched at recombination prone regions, including two AT-rich motifs, which have not been reported previously in relation with recombination in plants. With this study, we have identified high-resolution recombination prone regions in tomato and genomic features associated with it.

2. Materials and methods
========================

2.1.. Data used and variant calling
-----------------------------------

We used low-coverage (∼6.3×) Illumina HiSeq 2000 resequencing data of 60 RILs ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This F6 population was generated by an interspecific cross between *S. lycopersicum* (cv. Moneymaker) and *S. pimpinellifolium* (CGN 15528, also referred to as CGN 14498).^24^ Resequencing data from one of the parents, *S. lycopersicum*, was publicly available with an average genome coverage of ∼38×, whereas the sequencing data for *S. pimpinellifolium* was unavailable. Both RILs and *S. lycopersicum* were part of the 150 tomato Genome Resequencing Project (<http://www.tomatogenome.net/>).[@dsx024-B24] We aligned the short reads from 60 RILs and *S. lycopersicum* separately to *S. lycopersicum* cv. Heinz 1706 reference genome (version Sl2.40, <http://www.solgenomics.net>) using a modified version of BWA (based on version 0.5.9.) default settings.[@dsx024-B25] For each sample read groups were corrected and duplicate reads were removed using PICARD tools (version 1.107, <http://broadinstitute.github.io/picard/>) with default settings. We improved the alignment by local realignment using GATK-lite (version 2.39) and these improved aligned resequencing data were subjected to variant calling by the UnifiedGenotyper of GATK-lite default settings.[@dsx024-B26]

2.2.. Population based marker-set identification
------------------------------------------------

After variant calling, we strictly filtered single nucleotide variants (SNPs). To consider a genomic position a genuine marker, in contrast to sequencing and read alignment artefacts, characteristics of a SNP were needed to meet six criteria. There parameters were chosen based on the expected characteristics of the used RIL population.

By making sure that the same marker is reported in multiple plants, we made use of the recurrence of SNP information and took advantage of population's properties. Although it was expected to have approximately 30 homozygous alternative allele calls on a position, we incorporated a substantial margin to account for missing calls due to the low coverage data used and variation in the uniformity of the expected segregation pattern, considering the limited size of the population. For this study, at least 10 out of 60 RILs were required to report a homozygous alternative call on a single position.

Since the population is expected to be mostly homozygous, heterozygous SNPs have a higher chance of being either sequencing or read alignment artefacts. At the same time, it is harder to call heterozygous genotypes than it is to call homozygous genotypes in low coverage sequencing data. Therefore, we also required that the ratio of homozygous calls to the total number of calls had to be above 0.8. This way we avoided the selection of positions that were susceptible to show heterozygous genotypes throughout the majority of the population, which might for example have been caused by misaligned reads or paralogous sequences in the genome.

Meanwhile, the ratio of alternative calls to the total number of homozygous can assure the selection of markers that are evenly segregating through the population. This ratio is expected to be equal between alternative and reference calls. However, this ratio is heavily influenced by the number of plants having, or missing, a genotype call on the respective position, which is expected to vary due to sequencing coverage. So, considering the limited population size and the amount of missing genotype calls, the ratio of alternative homozygous calls and total number of homozygous calls was set to be between 0.25 and 0.75. This was especially important in this particular study, because we were not only constructing a marker-set but also inferring the genotypes of the second parent. By confirming that both reference and alternative allele were segregating within the population, we confirmed that the parents have opposite genotypes on this position.

To correct for individual sequencing artefacts, only biallelic SNPs with a coverage of four or more for at least one of the alleles were considered. In total we yielded 4,463,846 markers after filtering and these markers were used for genotyping. A correlation between the abundance of available markers and the average coverage of a RIL was expected. The number of available markers and coverage per plant were visualized to estimate the strength of the expected correlation.

2.3.. Inferring markers of second parent
----------------------------------------

Since resequencing data for *S. pimpinellifolium* was not available, we inferred the *S. pimpinellifolium* genotypes by assigning non-*S. lycopersicum* allele to previously identified population based markers. Markers with reference base calls reported in the *S. lycopersicum* accession were considered to have alternative base in *S. pimpinellifolium*. Out of 4,463,846 markers, 75,526 were inferred to be alternative base in *S. lycopersicum* and consequently reference base in *S. pimpinellifolium*. *S. lycopersicum* was expected to have less alternative base calls, because it is more closely related to the used reference genome as opposed to *S. pimpinellifolium.*[@dsx024-B24] Using 130 Kompetitive Allele Specific PCR (KASP) assays,[@dsx024-B27] we validated the inferred genotype of *S. pimpinellifolium* and estimated its accuracy.

2.4.. Determining haplotype blocks and estimating recombination landscape
-------------------------------------------------------------------------

A variable sliding window approach was used to impute the haplotype blocks of RILs. Imputation of haplotypes enabled us to resolve conflicting genotypes as a result of erroneous parental markers, sequencing errors and read alignment artefacts. The used variable window was adjusted in size to the local density of available markers, with at least nine markers over a genomic distance of at least 10 kbp. Scoring markers in a variable window allowed the collective use of markers, correcting faulty individual markers and genotypes.

The use of a variable window also contributed to cope with missing markers due to low-coverage resequencing, without compromising the yielded resolution. The score of a window was calculated by adding up all genotypes (+1 for *S. lycopersicum*, 0 for heterozygous, −1 for *S. pimpinellifolium*) and dividing it by the number of markers in the window. When 50% or more of the markers in a window were heterozygous, the window was given an intermediate score of 0 ([Supplementary Fig. S1](#sup6){ref-type="supplementary-material"}: second panel).

Each time the score of a forthcoming window (w) passed one of the thresholds *w* \> 0.25, −0.25 \< = *w* \< = 0.25 or *w* \< −0.25 in respect to the previous window, the markers of both windows were merged and subjected to a second analysis. This was done to avoid false positive recombination events due to fluctuation in scores, caused by sequencing and read alignment artefacts. Again a variable window approach was used, but over a greater distance of at least 250kbp with 50 markers both upwards and downwards of the presumed recombination region. This confirmed whether variation in scores was persistent, thus must have been caused by a recombination event. Finally, the inner unambiguous markers with contrasting parental genotypes were selected as borders of the recombination event.

When two or more haplotype changes were detected within 250kbp, this was considered to be most likely the result of fluctuation in scores caused by artefacts. In such cases, all involved events were merged and processed as a single event, which may or may not have resulted in the detection of a genuine recombination event. Our tool reports all the recombination sites per individual as well as the summarised recombination pattern per chromosome ([Supplementary Fig. S1](#sup6){ref-type="supplementary-material"}, first panel). This intermediate score and recombination landscape were visualised to ease manual inspection and optimization of the parameters described in "Population based marker-set identification" ([Supplementary Fig. S1](#sup6){ref-type="supplementary-material"}). In the population of 60 RILs, we calculated the average number of recombination per chromosome by considering all marker positions within the chromosome conceived with at least one recombination. The background recombination rate per chromosome was calculated by adding average recombination rate with one standard deviation. Regions having a recombination rate above the background rate were considered as recombination prone regions. The longest region of each chromosome without any recombination over all 60 RILs was considered recombination deprived region.

2.5.. False-positive recombination events caused by the used reference genome assembly
--------------------------------------------------------------------------------------

Two versions (Sl2.40 and Sl2.50) of the *S. lycopersicum* cv. Heinz 1706 reference genome assembly were aligned to detect large inversions and relocations between the two reference genomes using MUMmer3's NUCmer.[@dsx024-B28] For this, a minimum cluster size of 1kbp and all anchor matches regardless of their uniqueness were used. Large scale differences in alignment between these two reference assemblies indicated inconsistencies between assemblies. These differences were used to eliminate recombination prone regions overlapping with these regions to prevent false positives caused by the used assembly (version Sl2.40).

2.6.. Confirmation of inferred parental genotype and RIL haplotypes
-------------------------------------------------------------------

In order to confirm both the inferred *S. pimpinellifolium* genotype and individual RIL haplotypes, we ordered the seeds of 60 RILs together with their corresponding parental lines from the 150 Tomato Project. The seeds were sown on wet tissue paper at 25 °C with a continuous exposure to light for 12 days. Due to poor seed germination, we proceeded with 55 RIL plants. Whole seedlings were harvested and outsourced to LGC Teddington, London, for genomic DNA extraction and KASP genotyping in duplo. Genotyping was done using LGC's KASP Master Mix, containing two universal cassettes (FAM and HEX), ROX^tm^ passive reference dye, Taq polymerase, free nucleotides and MgCl~2~ in an optimized buffer solution. One hundred and fifty SNPs were selected for KASP assay-design of which 90 SNPs around recombination prone regions, 20 random, 24 in removed regions and 16 to confirm suspected false positives were indeed caused by sequencing and read alignment artefacts ([Supplementary Table S2](#sup2){ref-type="supplementary-material"}). Selected SNPs were subjected to LGC's Primer Picker software for an *in silico* examination of possible drop-outs prior to shipping.

We used an ad-hoc script to compare LGC's KASP genotypes with our predicted haplotype blocks for an exact match. Whenever one or both of the two KASP replicate assays had failed, or replicate assays did not match, the concerned assay was discarded in order to eliminate errors introduced by the used method of confirmation. This allowed us to validate polymorphic marker identification, as well as inferred genotypes of *S. pimpinellifolium* and our approach to estimate haplotype blocks for RILs.

2.7.. Discovery of DNA motifs enriched with recombination prone regions
-----------------------------------------------------------------------

Identified recombination prone regions were assessed for over-representation of sequence motifs. Associated sequences were selected by our pipeline and subjected to *de novo* motif discovery by the MEME Suite.[@dsx024-B29] To include sequence motifs regulating recombination upstream and downstream of the processed recombination prone regions, sets with various sized flanking regions (0, 1, 2.5 and 5kbp) were created and subjected to motif discovery by MEME.[@dsx024-B30] The resulting collections of sequences had total sizes of 278kbp, 503kbp, 839kbp and 1,400kbp, respectively.

MEME was used for *de novo* 8--15bp DNA sequence motif discovery at above-mentioned collection of sequences using a Zero or One Occurrence Per Sequence model. The maximum allowed dataset size was increased to enable MEME to process the data. A control set of 1,000 random sequence collections was constructed, each containing 112 random *S. lycopersicum* cv. Heinz 1706 (reference version 2.40) sequences of lengths equal to the identified recombination prone regions together with their respective flanking regions. *De novo* discovered sequence motifs were analysed using default settings of AME[@dsx024-B31] and the control set, to determine whether these motifs were over-enriched in recombination prone region compared with the random background.

2.8.. Identification of genomic features associated with recombination prone regions
------------------------------------------------------------------------------------

We annotated each base pair of recombination prone regions to identify genomic features, including 5′-UTR, gene start, gene, 3′-UTR, gene end and intergenic region using the ITAG2.3 annotation (<http://www.solgenomics.net>). We defined promoter and gene start features as 3kbp reverse and 200bp forward from the transcription start site, respectively. Similarly, gene end was defined as 200bp before transcription end site. To assess whether the distance of recombination events to genes is significantly lower compared with randomly sampled positions, the genomic distance between all 112 regions and their nearest gene was mapped using the ITAG version 2.3 annotation. Two sets of 1000 random genomic regions were created with and without pericentric heterochromatin. These pericentric heterochromatins were discarded in one of the two sets to exclude influence due to their low gene density.[@dsx024-B32] Differences were visualized, showing the average of all randomly sampled positions in 1kbp windows, their corresponding standard deviation and observed distance to genes. We listed the annotated genes within the recombination prone regions for gene ontology (GO) enrichment analysis using the PANTHER classification system ([http://www.geneontology.org/ (12 October 2016, date last accessed](http://www.geneontology.org/)), which is up to date with GO annotations.[@dsx024-B33] We also compared genes overlapping with recombination prone regions to nucleotide-binding site leucine-rich repeat (NB-LRR) resistance genes in tomato.[@dsx024-B34]

3. Results
==========

3.1.. Identification of population based marker-set from low-coverage resequencing data
---------------------------------------------------------------------------------------

Genotyping by resequencing allows identification of recombination break points at a high-resolution, but non-allelic structural variations between parental lines with a high homology in sequence can lead to false-positive markers, especially when using short-read resequencing data.[@dsx024-B5]^,^[@dsx024-B13] Due to independent assortment of these loci, genotypes of these false positive markers will be random. Additionally, genotyping bias will increase if one of the parental lines is more closely related to the used reference genome. Together, these biases will produce false-positive markers and result in exaggerated recombination rates. Thus, it is crucial to filter out false-positive markers when estimating the recombination landscape, particularly while using low-coverage short-read resequencing data. We illustrated a novel methodology to conservatively select markers in the context to identify recombination sites by implementing fundamental population genetics principals with modifications to incorporate regions with low sequencing coverage.

Short reads from individual RILs were aligned to tomato reference genome to identify SNPs using GATK-lite pipeline. To increase the specificity of SNP identification, we applied three rounds of filters, addressing the independent allele segregation within population, fixation or near fixation of alleles and sufficient sequencing depth at SNP position in individuals as well as within the population (see section Materials and methods). As shown in [Fig. 1A--C](#dsx024-F1){ref-type="fig"}, the characteristics of most markers corresponded to what was expected from a RIL population. The majority of markers were predominantly homozygous calls, with relatively few heterozygous calls ([Fig. 1A](#dsx024-F1){ref-type="fig"}). The ratio between homozygous calls and the combined number of both homozygous and heterozygous genotypes was near to one, confirming the homozygous nature of a RIL population ([Fig. 1B](#dsx024-F1){ref-type="fig"}). We examined the segregation of reference alleles and alternative alleles and identified that the majority of markers were located around a ratio of 0.5 as expected from a biparental population ([Fig. 1C](#dsx024-F1){ref-type="fig"}). Confirmation of these characteristics justifies the reasoning behind our filtering strategy. In total 4,463,846 out of 7,979,788 unique genomic positions with reported SNPs passed all filtering steps. Of these positions, on average 2,548,113 markers were available per individual in the low-coverage sequencing data, resulting in over 150 million available markers across the population. Despite stringent filtering, marker distribution was well spread across the genome allowing us to identify recombination patterns with high-resolution ([Fig. 1D](#dsx024-F1){ref-type="fig"}). The lowest and the highest number of markers for a single chromosome of an individual were 31,707 and 563,533, respectively. The average genome coverage per individual played a crucial role in the number of available markers and showed a Pearson correlation coefficient of 0.92 ([Fig. 2](#dsx024-F2){ref-type="fig"}). Using the selected marker positions from the population, we used available parental genotype for haplotype phasing and inferred the missing parental genotype.

![(A) Two-dimensional binning plot showing the number of homozygous and heterozygous calls per locus in the population. (B) Histogram showing the ratio between homozygous and the total number of calls. (C) Histogram showing the ratio between alternative and total number of homozygous calls. Cut offs are shown in dotted lines. (D) Genome-wide distribution of markers in 100kbp bins (*y*-axis). Chromosomes are visualized in blue lines, pericentric heterochromatin are visualized in thick blue lines. (See online article for colour version of this figure).](dsx024f1){#dsx024-F1}

![Correlation between abundance of available markers (*x*-axis) and average genome coverage of the each RIL (*y*-axis).](dsx024f2){#dsx024-F2}

3.2.. Estimated recombination rates and identified recombination prone regions
------------------------------------------------------------------------------

Using a variable sliding window approach to identify genotype breaks, we identified 1,445 recombination events in 60 RIL tomato plants with 123 recombination prone regions (see section Materials and Methods, [Supplementary Tables S3](#sup3){ref-type="supplementary-material"} and [S4](#sup4){ref-type="supplementary-material"} and [Fig. S2](#sup7){ref-type="supplementary-material"}). We identified recombination events with a median track length of 2,134bp that is comparable to *Arabidopsis thaliana.*[@dsx024-B5] On an average, we identified 24 recombination events per RIL, which is in agreement with the expected number of observable recombinations.[@dsx024-B35]

During genotyping, three genomic regions were shown to be polymorphic for individual markers, but haplotypes of these genomic regions could not clearly be assigned to one of the parental genomes. As shown in previous studies, abnormalities in reference genome could lead to such patterns.[@dsx024-B5]^,^[@dsx024-B13] Therefore, we removed recombination prone regions overlapping with these regions from further analysis. As a result, 0.32% of the markers were removed from further analysis. We further extended the above observation as large structural variation due to conflict in reference genome assembly, which can introduce false recombination events and consequently false recombination prone regions.[@dsx024-B23]^,^[@dsx024-B36] We aligned the two most recent *S. lycopersicum* cv. Heinz 1706 reference genomes (Sl2.40 and Sl2.50) and identified large inversions and rearrangements on chromosome 1, 3 and 12 ([Supplementary Fig. S3](#sup3){ref-type="supplementary-material"}). Structural variation was also seen in other chromosomes, but these cases did not interfere with recombination events. In total, 11 recombination prone regions (two from chromosome 1 and all from chromosomes 3 and 12) were attributed to structural variation in the used reference genome. This reduced set of 112 recombination prone regions with a median of 1,204bp, making up a total size of 278,937bp was used for identification of genomic features. Because of differences in number of available markers, due to variance in sequence coverage, recombination site resolution varied between individuals. However, by utilizing the shared regions in the individually observed recombination events to define recombination prone regions allowed us to improve the resolution of these regions. These high-resolution recombination intervals in an interspecific tomato genome, allowed us to expand the knowledge of recombination patterns in tomato at a sequence level.

The low number of recombinations per chromosome hampered fine resolution identification of recombination deprived regions. However, regions on all chromosomes without any recombination event at all were excessively large, ranging from 17.8 to 60.0Mbp ([Supplementary Table S5](#sup5){ref-type="supplementary-material"}). Recombination prone and deprived regions were clearly overlapping with euchromatin and pericentric heterochromatin regions of the chromosome, respectively ([Fig. 3](#dsx024-F3){ref-type="fig"}).^22,[@dsx024-B32]^ This consistent pattern has been observed in other plant species indicating an evolutionarily conserved preference mechanism either due to local genomics features or open chromatin structure.[@dsx024-B1] We used recombination prone regions to perform *de novo* DNA motif discovery, together with other genomic features identification.

![Summary plot of recombination prone and deprived regions along chromosomes 1 and 2 and 4--11. Pericentric heterochromatins are shown in thick blue lines.[@dsx024-B22] Per chromosome, the biggest contiguous region completely deprived of recombination events are coloured blue, the remaining is coloured in yellow. Regions prone to recombination are indicated by orange triangles. (See online article for colour version of this figure).](dsx024f3){#dsx024-F3}

3.3.. Validated inferred parental genotype and RIL haplotype blocks
-------------------------------------------------------------------

Validation of our genotyping approach for both parental lines and RILs was done using KASP assays. Five plants were excluded because either seed germination or DNA isolation was unsuccessful. An additional four plants were discarded after genotyping because of high levels of heterozygosity. Two plants showing random genotypes were also removed, as these plants were noticeably different from the corresponding resequenced RILs and were most likely the result of a mix up of supplied seeds, either before or during genotyping. During data analysis, three out of 133 successful KASP assays were discarded. Two of them failed for more than half of the population and one was non-polymorphic. All the remaining assays were polymorphic, confirming the identification of polymorphic markers from resequencing data.

After above-mentioned filtering steps, we successfully genotyped 49 RILs using 130 KASP assays. RIL haplotypes estimated with low-coverage resequencing data were validated by KASP assays with an accuracy of 96.8%. This accuracy increased to 98.0% when only homozygous markers were considered. These high accuracies confirmed our methodology for both marker selection and haplotype block estimation using low-coverage resequencing data. Markers identified by resequencing of *S. lycopersicum* and inferred markers of *S. pimpinellifolium* matched with 99.2% of the assays, proving high accuracy of our methodology to infer markers for one of the parental lines.

3.4.. AT-rich DNA motifs are enriched at recombination prone regions
--------------------------------------------------------------------

Previous reports in *Arabidopsis thaliana* and *Citrus clementina* have identified DNA motifs associated with recombination sites.[@dsx024-B5]^,^[@dsx024-B8]^,^[@dsx024-B37] In tomato, since the genome-wide high-resolution recombination pattern was unavailable, it was not possible to analyse recombination associated DNA sequence motifs so far. We carried out a *de novo* DNA motif discovery in recombination prone regions together with 0, 1, 2.5 and 5kbp flanking regions to discover sequence motifs in tomato. Several motifs were discovered out of which six motifs were found to be over-enriched compared to equivalent random sequences. These motifs were consistently enriched in recombination prone regions with 0--5kbp flanking regions (see section Materials and methods; [Fig. 4](#dsx024-F4){ref-type="fig"}).

![DNA sequence motifs enriched at recombination prone regions, including 1000bp flanking regions. (See online article for colour version of this figure).](dsx024f4){#dsx024-F4}

Within enriched motifs, homopolymer poly-A and poly-T occurred in all recombination prone regions. Additionally, we identified a poly-T/poly-A motif in all recombination prone regions with the highest adjusted *P*-value compared to the whole tomato genome as background ([Fig. 4](#dsx024-F4){ref-type="fig"}). This motif is similar to motifs reported in earlier studies[@dsx024-B5]^,^[@dsx024-B8] and associated with nucleosome boundaries.[@dsx024-B38] Besides the poly-T/poly-A motif, a 15bp TATA-repeat was discovered. Both the TATA-repeat and poly-T/poly-A motif were reported for the first time and further studies are required to establish the functional correlation. In contrast, the CCN-repeat motif previously identified in *Arabidopsis* was not identified in our study. Meanwhile, the CTT-repeat motif identified in *Arabidopsis* was detected, but was not enriched.

3.5.. Recombination prone regions in tomato occurred at gene and promoter regions
---------------------------------------------------------------------------------

We further analysed other genomic features associated with recombination prone regions. All recombination prone regions were observed within euchromatin regions. We examined the position of recombination prone regions in the genome using tomato gene annotation. Recombination prone regions showed a tendency to be at or near to genes. This is consistent to previous observations in *Arabidopsis.*[@dsx024-B5] We have found that gene body was significantly over-represented in recombination prone regions (*P*-value 0.01 \[permutation test\]). Notably, features such as 3′-UTR and promoter showed significant enrichment in recombination prone regions (*P*-value 1.403 × 10^−6^ and 0.00043, respectively \[permutation test\]). Forty-eight recombination prone regions overlapped with at least one annotated gene. We repeated the analysis by excluding pericentric heterochromatin from the expected probability analysis. This stringent analysis also showed consistent enrichment ([Fig. 5](#dsx024-F5){ref-type="fig"}). However, for genes overlapping with recombination prone regions, no enrichment was found for either any gene ontology category or NB-LRR resistance genes.

![Positions of recombination prone regions based on tomato genome annotation. Standard error is represented by grey error bars. (See online article for colour version of this figure).](dsx024f5){#dsx024-F5}

We visualized the genomic distance from recombination prone regions to the nearest gene and observed that the distance to the nearest gene was lower when starting from a recombination prone region, than when starting from a randomly sampled region ([Fig. 6](#dsx024-F6){ref-type="fig"}). We observed that a remarkable 74% of recombination prone regions were at gene or promoter regions, compared with the random average expected rate of 32%. Furthermore, this pattern was persistent despite removing pericentric heterochromatin, known for low gene density, from the analysis. Similar observations were made in *Arabidopsis thaliana* where recombination targets AT-rich promoter sites.[@dsx024-B5] Although tomato has lower gene density compared with *Arabidopsis thaliana*, strikingly, it has over-enrichment of recombination prone regions at gene body. This might be due to longer tomato genes and the genomic composition of the tomato genome. These observations indicate that gene or promoter associated genomic features, such as DNA motifs and chromatin stage, may influence recombination sites.

![Genomic distance from recombination prone regions to the nearest annotated gene in 500bp bins. Black line shows the observed distance from recombination prone region to the nearest annotated gene, whereas the expected background mean and standard deviation are shown in blue and orange. Magnified version of first 5kbp is shown for visual easiness without using bins. (See online article for colour version of this figure).](dsx024f6){#dsx024-F6}

4. Discussion
=============

Marker identification and selection are crucial when markers are identified using low-coverage resequencing data. Therefore, we developed a population-based methodology to compile marker sets, using various criteria to ensure selected markers were genuine markers rather than sequencing or reference genome artefacts. The methodology is based on only selecting genomic positions that have multiple unequivocal called SNPs that match with the genetic characteristics of those expected from a RIL population. By selecting these positions, the sequencing and read alignment artefacts introduced with low-coverage sequencing were reduced to less than one per cent. In order to achieve this, markers for a RIL population were filtered to contain high percentages of homozygous calls and an equal ratio between reference and alternative calls. Different parameters will be desired when using other population types and sizes. Also, the quality of the used sequencing technique and the average depth strongly influence the desired parameters. We observed that in tomato the added value of increased genome coverage is depreciating above a coverage of 10, similar to *Arabidopsis thaliana* resequencing recommendations.[@dsx024-B39] Therefore, we suggest a minimum coverage of 10 for projects with similar experimental setup and aim.

We confirmed the efficiency of our approach to estimate haplotypes by KASP validation, and identified a specificity of 97.96% for homozygous haplotypes. The same KASP validation was used to show the efficiency and specificity of our inferred *S. pimpinellifolium* genotypes and validated 99.63% of these inferred genotypes. Only one assay was found to be monomorphic between parental lines. However, within the RIL population, this locus had 18 reference calls, 24 alternative calls and 1 heterozygous call, pointing to the likelihood that this error was introduced by the used KASP assay.

Despite conservative selection of markers, we were able to use 4,463,846 markers for genotyping. This in combination with the variable sliding window approach we developed, allowed us to identify recombination patterns in tomato at an unprecedented resolution, with a median size of 2,134bp. By accumulating the identified recombination events, we managed to increase the resolution of recombination prone regions to a median size of 1,204bp. The achieved resolution is the highest so far in tomato, improving the accuracy of subsequent identification of associated genomic features. Although the false-negative rate of our variable sliding window approach is unknown, we deliberately selected parameters and elected specificity over sensitivity in order to accurately predict genomic features associated with recombination prone regions. Genomes with high repeat content and incomplete reference genome would benefit the most from our marker selection and methodology to estimate haplotype blocks.

We have identified 112 recombination prone regions from 60 interspecific tomato RILs in which 74% of recombination prone regions overlapped with gene or promoter regions. This strong preference is consistent with previous reports from *Arabidopsis thaliana*,[@dsx024-B5]^,^[@dsx024-B10]*Zea mays*[@dsx024-B40] and *Mimulus guttatus.*[@dsx024-B41] Contradictory to *Arabidopsis thaliana* and *Oryza sativa*, where high recombination rate in resistance genes was reported, our recombination prone regions showed no enrichment for these type of genes.[@dsx024-B42]^,^[@dsx024-B43] This might be due to heterogeneity in resistance genes or diversity in used parental lines. In all chromosomes, we identified recombination deprived regions to be centric to centromere. This might be due to the extended pericentric heterochromatin in tomato.[@dsx024-B32]

Previous studies, particularly those in *Arabidopsis thaliana*, have found poly-A and CTT-repeat motifs to be enriched in hotspot sequences. Recombination prone regions described in this study were found to be enriched with AT-rich motifs. The presence of poly-A motif in all recombination prone regions was prominent in our analysis, whereas CTT-repeats were not enriched. However, lately it has been shown in *Arabidopsis* that CCN repeats were enriched at crossover regions though they were preferentially associated with genes but not with promoters.[@dsx024-B10] These observations indicate that although similarities in DNA motif and genomic features are found across plant species, there are differences too. Differences between eukaryotic species in mechanistic performances also are likely to occur, when looking at preferred recombination sites in human, mice, plants and yeast.[@dsx024-B1]^,^[@dsx024-B44]

Besides previously reported poly-A motif, we identified a novel TATA-repeat and poly-T/poly-A motif. According to the literature, these AT-rich motifs are associated with strong nucleosome free regions, of which poly-T/A results in the most robust nucleosome-free region.[@dsx024-B38] Furthermore, the flanking DNA on both sides of the motif is considered to be nucleosome depleted as well, and this effect would remain significant over ∼100--150bp.[@dsx024-B45] In yeast, nucleosome depletion is in fact especially pronounced around AT-rich repeats and nucleosomes containing the histone variant H2A.Z tend to border tandem repeats.[@dsx024-B46]^,^[@dsx024-B47] Additionally, H2A.Z is associated with transcriptional regulation, anti-silencing, silencing and genome stability suggesting that H2A.Z and recombination rates could have several other biological relevancies.[@dsx024-B48] Hence the presence of poly-T to poly-A tract, among the other enriched motifs in recombination-related sequences in tomato, infers the possibility of nucleosome depletion at recombination prone region. These consistent and emergent observations about the association between recombination prone region, gene promoter region, nucleosome depletion and AT-rich DNA motifs indicate an evolutionary conserved mechanism within eukaryotes and demands further causality studies. Better understanding of the effect of these genetic and genomics features on recombination will provide tools to modulate recombination for the advancement of plant breeding.
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